The ability of a helicase to bind single-stranded nucleic acid is critical for nucleic acid unwinding. The helicase from the hepatitis C virus, NS3 protein, binds to the 3-DNA or the RNA strand during unwinding. As a step to understand the mechanism of unwinding, DNA binding properties of the helicase domain of NS3 (NS3h) were investigated by fluorimetric binding equilibrium titrations. The global analysis of the binding data by a combinatorial approach was done using MATLAB. NS3h interactions with single-stranded DNA (ssDNA) are 300 -1000-fold tighter relative to duplex DNA. The NS3h protein binds to ssDNA less than 15 nt in length with a stoichiometry of one protein per DNA. The minimal ssDNA binding site of NS3h helicase was determined to be 8 nucleotides with the microscopic K d of 2-4 nM or an observed free energy of ؊50 kJ/mol. These NS3h-DNA interactions are highly sensitive to salt, and the K d increases 4 times when the NaCl concentration is doubled. Multiple HCV helicase proteins bind to ssDNA >15 nucleotides in length, with an apparent occluded site of 8 -11 nucleotides. The DNA binding data indicate that the interactions of multiple NS3h protein molecules with long ssDNA are both noncooperative and sequenceindependent. We discuss the DNA binding properties of HCV helicase in relation to other superfamily 1 and 2 helicases. These studies provide the basis to investigate the DNA binding interactions with the unwinding substrate and their modulation by the ATPase activity of HCV helicase.
Hepatitis C virus (HCV)
1 is the main cause of non-A, non-B hepatitis that leads to liver cirrhosis and hepatocellular carcinoma. According to the World Health Organization, 170 million people (2.8% of the human population) are chronically infected with HCV. The positive ssRNA genome of HCV codes for an open reading frame of about 9000 bases. The translated polypeptide is cleaved by both host and viral proteases into a number of structural and nonstructural proteins (1) . A number of gene products, including NS2-NS3 protease, NS3-NS4A protease, NS3 helicase, and NS5b polymerase, are essential for viral replication (2) . The nonstructural protein 3, NS3, is a bifunctional protein with protease and helicase activities, residing on its N-terminal and C-terminal domains, respectively. The benefit for NS3 protease and helicase to reside on the same polypeptide and the degree of interaction between them are as yet unclear (3) (4) (5) . Both protease and helicase domains retain their in vitro activity when expressed separately (6 -9) .
Helicases may constitute about 2% of all open reading frames in eukaryotic genomes (10) . Based on their amino acid sequences, helicases have been divided into several superfamilies (SF) (11) . The helicase domain of NS3 protein, denoted as NS3h, belongs to the DExH group, a subdivision of helicase SF2 (11, 12) . Members of this family have been shown to bind ssRNA substrates and to use the energy of ATP hydrolysis for unwinding double-stranded RNA in the 3Ј to 5Ј direction (13) . Curiously, NS3h has the ability to separate the strands of double-stranded RNA and DNA indiscriminately (14) . It is not clear if the DNA and RNA unwinding activities both have a physiological function.
Several different mechanisms of unwinding have been proposed for HCV helicase and related helicases (15) (16) (17) (18) . All of these mechanisms invoke interaction of the helicase with ssDNA, which is important for the assembly of the unwinding complex. Earlier, we showed that multiple HCV helicase subunits are involved in unwinding a DNA substrate (19) . The HCV helicase complex assembles on a 3Ј ssDNA tail, which is required for separating the strands of the flanking duplex region (9) . DNA substrates with a modified 5Ј strand are unwound by HCV helicase, but those with a modified 3Ј strand are not unwound (20, 21) . This suggests that during strand separation, the HCV helicase interacts predominantly with the 3Ј strand, and binding to ssDNA is critical for the nucleic acid strand separation process. Furthermore, we observed that the helicase activity of NS3h depends on the length of the 3Ј-ssDNA tail. 2 To gain insights into the DNA strand separation mechanism by HCV helicase, we have investigated the energetics of HCV helicase interaction with ssDNA. We used fluorescence to measure the interactions of NS3h with various ssDNAs and global analysis by a combinatorial approach to quantify ssDNA binding parameters such as the equilibrium dissociation constant (K d ), the minimal binding site, the occluded site, cooperativity in protein-DNA interactions, and DNA sequence dependence. We define the minimal binding site as the shortest ssDNA that provides a complete set of protein-DNA interactions with NS3h protein. Therefore, the binding of NS3h to such a ssDNA will occur with a microscopic K d . The occluded site is a stretch of ssDNA to which an NS3h protein binds, preventing other NS3h proteins from binding. Maximal binding density, the number of NS3h proteins bound per nucleotide of a long ssDNA at maximal saturation, is the reciprocal of the occluded site size. Quantitation of these parameters is instrumental for further investigation of the helicase unwinding mechanism.
MATERIALS AND METHODS
[␣-32 P]ATP was purchased from Amersham Biosciences, and n-octyl ␤-D glucopyranoside (octyl glucoside) was from Sigma. Polyoxyethelenesorbitanmonolaurate (Tween 20) was purchased from Sigma as an ultrapure reagent. We discovered that samples of Tween 20 from both Sigma and Pierce had a significant fluorescence at 280/340 nm. Tween 20 (10% solution) was repurified by passing through activated charcoal followed by filtration and freeze-drying. The purified Tween 20 had a lower fluorescence and was suitable for fluorimetric DNA binding studies. The reaction buffer used in the experiments contained 50 mM MOPS⅐NaOH, 5 mM MgCl 2 , 5 mM DTT, and 0.1% Tween 20, pH 7.0. Experiments were performed at 22°C unless specified otherwise.
Protein-The helicase domain of HCV NS3 protein with a C-terminal His tag (NS3h) was expressed in Escherichia coli transformed with a plasmid pET21b-NS3HCV (22) . NS3h protein was purified and stored as described previously (19) . The concentration of NS3h protein was determined by three methods: by protein light absorbance in 8 M urea using a theoretical extinction coefficient ⑀ 280 nm ϭ 47,600 m Ϫ1 cm
Ϫ1
(ProtParam) 3 (23) , by Bradford assay (Bio-Rad) using bovine serum albumin as a standard and by amino acid analysis. The light absorbance was measured with an 8452A Diode Array Spectrophotometer (Hewlett Packard).
Nucleic Acid Substrates-Poly(U) with an average length of 210 rU was purchased from Amersham Biosciences. Oligonucleotide rU 15 , synthesized and purified by Dharmacon Research, Inc. (Lafayette, CO), was deprotected according to the protocol supplied. The sequences of the oligodeoxynucleotides shown in Table I were produced using a random number algorithm and checked for lack of stable secondary structure with Oligo Analyzer (available on the World Wide Web at www.idtdna.com). The oligodeoxynucleotides were synthesized by Integrated DNA Technologies (Coralville, IA) and purified by either high pressure liquid chromatography or PAGE in 7 M urea, 60°C. Nucleic acid concentrations were determined spectrophotometrically in 8 M urea using extinction coefficients of the individual nucleotides. To accurately determine the concentration of the hairpin substrate, an aliquot of the substrate was digested to individual nucleotides with phosphodiesterase I (Worthington Biochemical Corporation, Lakewood, NJ) prior to absorbance measurement. The double-stranded DNA substrates used in the binding experiments were annealed by heating to 95°C and gradual cooling. The completeness of annealing was checked by native PAGE.
ATPase Assay-The time course of ATPase was measured at room temperature by incubating NS3h with 0.1 M polyU (concentration is given in molecules) in the reaction buffer and adding 1.5-5 mM [␣- 32 P]ATP to initiate the reaction. After a given time, the reaction was stopped by adding formic acid to a final concentration of 0.5 M. The products of the reaction were separated by TLC on PEI-Cellulose F plastic sheets from EM Science in 0.4 M potassium phosphate buffer, pH 3.4, and quantitated with a PhosphorImager (Molecular Dynamics, Inc.). Each ATPase rate and the S.D. value were determined by fitting four [ADP] versus time pairs into a straight line.
Fluorimetric Titration Assays-The fluorescence was measured with a FluoroMax-2 spectrofluorimeter (Jobin Yvon, Spex Instruments S.A., Inc.). NS3h protein (50 -1000 nM) in 2.8 ml of the reaction buffer was placed in a 10 ϫ 10 ϫ 40-mm quartz cuvette with a magnetic stir bar. Aliquots of the DNA solution were added, and the solution was allowed to mix before measuring the absorbance and fluorescence. Excitation and emission slits were set to the spectral width of 0.75 and 10 nm, respectively.
The intrinsic protein fluorescence was measured by exciting the sample with 280-nm light and reading the emission at 340 nm. Fluorescence values were corrected for sample dilution and inner filter effect according to Equation 1 ,
where F c represents corrected fluorescence, F is observed fluorescence, V 0 is initial sample volume, V i is total volume of titrant added, and A 280 is absorbance at the excitation wave length. The resulting data were fit to Equations 2-4,
where f E is the fluorescence coefficient of free NS3h, f Eb is the fluorescence coefficient of NS3h bound to DNA, Et is total NS3h protein concentration, and Eb is concentration of NS3h bound to DNA given as follows,
where D represents total concentration of NS3h binding sites on the DNA and K d is the dissociation constant as follows,
where Dt is total DNA concentration, and n, stoichiometry, is the number of NS3h proteins that can bind to one DNA molecule. The fluorimetric titration with etheno-20-mer ssDNA substrate (Table I) was carried out by exciting the sample at 330 nm and measuring fluorescence at 405 nm. Equations 3-5 were fit to the fluorescence signal corrected for dilution, assuming n ϭ 2, as follows,
where C is a constant, f D is a fluorescence coefficient for free etheno-DNA, and f Db is a fluorescence coefficient for the etheno-DNA-NS3h complex. Stoichiometry and K d of DNA substrates with length close to the minimal binding site (8-and 10-mer) were measured several times at different NS3h concentrations with consistent results.
Combinatorial Binding Model-The protein fluorimetric titration data were further analyzed using MATLAB software. Depending on the ssDNA substrate length (N), three cases were considered.
1) For N smaller than the NS3h minimal binding site (M), the binding was calculated by the quadratic equation (Equation 3), where the observed K d was calculated as follows,
where K d 0 is the microscopic K d for the minimal binding site. 2) For N between M and two occluded sites (2S), the binding was calculated by the quadratic equation (Equation 3 ), where the observed K d was calculated as follows,
3) For long ssDNAs that can accommodate more than one NS3h protein (N Ͼ 2S), binding was calculated using a combinatorial approach (24) . The concentration of bound NS3h was calculated by numerically solving the equation,
where I is the maximal number of NS3h molecules the ssDNA substrate can bind, and the number of ways i proteins can bind to ssDNA (⍀ i ) is as follows,
The NS3h-ssDNA interaction parameters (K d 0 , M, and S) were determined by fitting the data from nine fluorimetric titration experiments to the model described above. The S.D. values of the parameter values were determined from the Jacobian of the optimized function at the solution. The optimization was repeated 70 times with random sets of starting parameters. 4 Coupled NC-DEAE Membrane-binding Assay-The assay was done as described previously (19) . Briefly, 1 M 5Ј-32 P i -labeled 10-mer ssDNA was mixed with different concentrations of NS3h protein in 50 mM MOPS, 5 mM MgCl 2 , and 0.1 mg/ml bovine serum albumin at room temperature. The mixture (10 l) was filtered through a NC/DEAE membrane sandwich and washed with 100 l of buffer using a dot-blot apparatus. The amount of radioactivity retained on the membranes was measured with a PhosphorImager.
RESULTS AND DISCUSSION

Effect of Detergents on NS3h Stability and ATPase Activity-
The E. coli-expressed helicase domain of HCV NS3 protein, referred to as the NS3h protein, was purified to near homogeneity from soluble fractions (19) . The NS3h protein is stable under most conditions and does not aggregate or lose activity when incubated at room temperature for over 24 h in polypropylene or carbonate containers (data not shown). Under different conditions, for instance, during fluorimetric titrations when NS3h protein was stirred in a quartz cuvette with a Teflon stir bar, protein aggregation was observed. This was seen both as a visible turbidity and as a characteristic light absorbance/scattering spectrum (data not shown). The aggregation of NS3h precluded reliable binding constant measurements by fluorimetric titrations. Several ways of preventing aggregation were tested. The addition of 0.2 M NaCl and/or 20% glycerol was ineffective in preventing aggregation. On the other hand, the addition of 0.1% nonionic detergent such as Triton X-100 or Tween 20 solved the problem.
We studied the effect of detergents and glycerol on the ATPase activity of NS3h before using them as additives in the DNA binding studies. The poly(U)-stimulated ATPase activity of NS3h was measured with and without the additives. The K m of ATP in the presence of poly(U) is 160 Ϯ 6 M, and the ATPase rates were measured at 1.5 mM ATP; hence, the measured ATPase rates are within 10% of the true ATPase k cat . As shown in Fig. 1A , 0.1% Tween 20 increased the poly(U)-stimulated ATPase activity of NS3h. This effect was the strongest when NS3h was used at low concentrations. The added glycerol had a small and perhaps even a negative effect on NS3h ATPase activity.
To choose the optimal detergent and its optimal concentration for studies of NS3h protein, the ATPase activity was measured as a function of detergent concentration. Two nonionic detergents were used, octyl glucoside and Tween 20 (Fig. 1B) . Octyl glucoside is often used in enzymatic studies, because it is homogenous and has a higher critical micelle concentration. The effect of octyl glucoside on the ATPase rate is complex. After an initial increase, the rate reaches its maximum at 5 mM octyl glucoside followed by a sharp decrease. These results show that, although octyl glucoside can stabilize the NS3h protein, it also inhibits the NS3h ATPase activity. It is possible that the glucose moiety of octyl glucoside acts as a competitive inhibitor of ATP or DNA; therefore, octyl glucoside was not used in further experiments. The dependence of ATPase activity on Tween 20 concentration follows a hyperbola with an apparent K1 ⁄2 of 8 Ϯ 1.6 M (0.001%). The significance of the K1 ⁄2 is not clear, since it can reflect the binding of the detergent to NS3h protein or to the surface of the reaction vessel. However, this experiment allowed us to determine a saturating concentration of Tween 20 to use in subsequent experiments (0.1%, or 100-fold K1 ⁄2 ). The finding that detergent stabilized the NS3h protein made us reexamine our previously published results on the effect of NS3h concentration on its ATPase k cat (19) .
ATPase Activity as a Function of NS3h Protein Concentration-We reported in our previous paper that the NS3h ATPase k cat increases with NS3h concentration (19) . We observed this phenomenon with several different nucleic acid substrates and at different temperatures. Knowing that a nonionic detergent can stabilize NS3h, we measured the ATPase activity of NS3h as a function of its concentration with stocks of NS3h that were diluted in the detergent. Fig. 2 shows the poly(U)-stimulated ATPase activity at increasing NS3h protein concentration in the absence and in the presence of 0.1% Tween 20. In the presence of detergent, the NS3h ATPase k cat remains constant over the entire range of NS3h concentrations examined, but without the detergent the k cat decreases sharply as the protein concentration decreases. This phenomenon can be explained by nonspecific adsorption of NS3h to polypropylene tubes in the absence of detergent that must happen within seconds upon contact. The lower the protein concentration, the larger the fraction of protein lost due to the adsorption, explaining the almost hyperbolic increase in ATPase k cat as a function of protein concentration in the absence of a detergent. Our current view is that the decrease of the ATPase activity at nanomolar concentrations of NS3h is due to its adsorption to hydrophobic surfaces and not due to weakened protein-protein interactions, as we believed previously (19) .
Fluorimetric Measurement of NS3h-ssDNA Binding Equilibrium-The presence of 0.1% Tween 20 eliminated aggregation of NS3h protein and allowed us to collect fluorescence data reproducibly. The intrinsic fluorescence of NS3h protein decreases upon binding to nucleic acids (25) . This property was used to investigate protein-DNA interactions and to determine the NS3h-DNA binding parameters, such as K d , stoichiometry, any sequence dependence, or cooperativity in DNA binding. Measurement of the K d and the binding stoichiometry is based on a precise determination of the protein concentration. Therefore, we used three different methods to determine the NS3h concentration, and the NS3h concentrations determined by these methods were within 5% of one another.
To measure the amount of NS3h protein bound to ssDNA at equilibrium, a constant amount of NS3h was titrated with increasing amounts of ssDNA. The samples were excited at 280 nm, and the fluorescence emission at 340 nm was measured. The excitation and emission slit widths were chosen to minimize bleaching and maximize the signal. Representative titrations for a 10-nt-long ssDNA are shown in Fig. 3 . One ssDNA was composed entirely of deoxythymidylates, and the other had a defined sequence, shown in Table I . 
Energetics of DNA Binding to HCV Helicase
The initial slope of the titration curve is a function of the K d and the number of NS3h proteins that bind to a ssDNA molecule (n). The curvature around D ϭ Et, the total protein concentration, is a measure of the K d value. To determine these two independent parameters, K d and n, the corrected fluorescence values were fit into Equations 2-4. Depending on the ratio of Et over K d , either the K d or the stoichiometry could be accurately obtained from a fluorimetric titration experiment. With the observed signal/noise ratio of protein fluorescence changes, we could reliably measure both K d and the binding stoichiometry with an Et over K d ratio between 2 and 100 (2 Ͻ Et/K d Ͻ 100).
Both dT 10 and the 10-mer DNA bound NS3h with a stoichiometry close to 1:1 and K d around 10 nM. These results showed that NS3h binds ssDNA with a high affinity and in a sequenceindependent manner. To confirm these results, we explored other ways of measuring the K d and stoichiometry of the NS3h-DNA complex, described below. (Fig. 4) . Although the stoichiometry of binding was similar to that obtained by fluorimetric titration, surprisingly, the K d by membrane binding assay was more than 250 times weaker than the K d measured by fluorimetric titration for the same DNA substrate (see Table I ). We examined other ssDNAs and found similarly weak K d values around 500 nM when measured by the membrane binding assay. These results indicate that, for an unknown reason, the NS3h-DNA complex is not stable under the conditions of NC/DEAE DNA binding assay. Filter binding is, by nature, a nonequilibrium technique. It was reported previously to underestimate the affinity of Rep helicase to ssDNA (29, 30) . We believe that since the fluorescence measurements were carried out in solution under equilibrium conditions, they provide reliable and true equilibrium binding parameters for NS3h protein. 
NS3h-ssDNA Interactions Measured Using Fluorescent
DNA-An alternative method of measuring protein-DNA interactions is to follow the fluorescence signal from a fluorescently labeled ssDNA. We used an oligodeoxynucleotide with three ethenoadenosine labels (Table I) to measure NS3h binding. Free ethenoadenosine has a high fluorescence (31); however, its fluorescence is quenched by interaction with other bases in the ssDNA (32) . NS3h protein binding to ssDNA reduces the interactions between bases, resulting in an increase in ethenoadenine fluorescence. This method provided a way to monitor the binding of NS3h to the DNA that is independent of the intrinsic protein fluorescence. A constant amount of NS3h protein was titrated with a 20-mer ssDNA labeled with ethenoadenosine (Fig. 5, Table I ). To minimize the fluorescence signal from NS3h protein, etheno-DNA fluorescence was excited at 330 nm, a wavelength away from protein excitation. The observed fluorescence signal comes from both free and bound etheno-DNA substrate, while the total concentration of the substrate is increasing. Accordingly, the fluorescence signal was fit into Equation 5 , where the concentration of NS3h-DNA complex was described by Equation 3. The binding stoichiometry for the 20-mer DNA was two NS3h proteins per DNA, and the K d was below 1 nM. This tight K d is consistent with the NS3h fluorescence titration data.
ssDNA Binding Parameters-To determine the minimal DNA binding site size, microscopic K d , and the occluded site size, fluorimetric titrations were carried out with ssDNA substrates of increasing lengths. The length of dT n oligodeoxynucleotide varied from 5 to 60 nt. Similarly, ssDNA with defined sequences were used with lengths ranging from 6-to 83-mer. The affinity of NS3h for a 33-bp duplex DNA and a 10-bp hairpin DNA was also measured.
Several factors affect the observed binding free energy for DNA of different lengths. If the DNA is shorter than the minimal binding site, then some of the protein-DNA interactions do not occur. Assuming that every nucleotide within the minimal binding site makes the same number of contacts with the protein, we expect a linear change in binding energy as the DNA length varies from zero to the minimal binding length. When the DNA length increases beyond the minimal binding The interaction of NS3h with duplex DNA, a hairpin DNA, and a 33-bp duplex DNA made with two complementary strands was also measured. As shown in Table I , the duplex DNAs bind NS3h with 300 -1000 times weaker affinity than a ssDNA. These results suggest that NS3h mainly interacts with the ssDNA region flanking the duplex during DNA unwinding.
The NS3h binding stoichiometry was plotted as a function of ssDNA length in Figs. 6B and 7B. NS3h protein binds ssDNAs 7-15 nt with a stoichiometry of 1:1. Beyond 15-nt-long ssDNA, the near linear increase in the number of NS3h proteins bound per ssDNA provided an occluded site of one NS3h protein equal to 8.3 Ϯ 1 nt. The occluded site is close to the minimal ssDNA binding site of 8 nt obtained from the dependence of the K d values as a function of DNA length. Note that the minimal binding site for NS3h and its occluded site are determined from independent sets of experiments.
The equations describing simple noncooperative binding fit well to the fluorimetric titration data, both with short and long ssDNAs (Figs. 3 and 7A ). This indicates that the overall cooperativity of NS3h binding to long ssDNA is undetectable. The observed K d values of the long DNAs are apparent values ( Table I ) that appear to be weaker due to overlapping binding sites. However, fitting the long ssDNA binding data to Equations 3 and 4 provided an observed DNA binding stoichiometry that is of practical value. To determine the microscopic K d from the DNA binding data, a combinatorial approach was used.
Global Analysis of the Fluorimetric Titration Data-To
accurately determine the minimal binding site, microscopic K d , and the occluded site, the fluorimetric titration data were globally fit to a combinatorial binding model (Fig. 8) . The model assumes that for ssDNA shorter than the minimal binding site, the free energy of binding increases linearly with the ssDNA length (Equation 6). Therefore, the quadratic equation (Equation 3 ) was used to calculate NS3h binding to ssDNA that can accommodate one protein. I. R. Epstein (24) described a combinatorial method of calculating protein binding to long DNAs (Equation 8 ). This method assumes that for long DNAs, NS3h does not bind to the vacant segments of ssDNA smaller than the occluded site. Thus, a combination of two methods allowed us to simulate the binding of NS3h to ssDNA of any length and to simultaneously fit many sets of fluorimetric titration data.
During the fitting process, the difference between the simulated and the experimental data was minimized by floating the microscopic K d , minimal binding site, occluded site, and fluorescence coefficients. To verify that the resulting parameter values represent the global minimum of the optimization problem, the fitting was repeated 70 times, every time with a new set of randomly chosen starting parameters. The majority of the fitting rounds resulted in nearly identical sets of parameters that were also the best solution of the optimization problem. From the 12 sets of fluorimetric data, the data for 10-mer, dT 20 , and 83-mer were eliminated as outliers. Salt Effect on ssDNA Binding-Many studies have reported that HCV helicase has decreased ATPase, ssRNA, and ssDNA binding and helicase activities in the presence of salt (3-5, 8, 9, 14, 33, 34) . It is possible that salt affects all of the above activities independently, but the ATPase and helicase activities are dependent on ssDNA binding. We therefore measured the ssDNA binding affinity as a function of NaCl concentration. Fluorimetric titrations were used to determine the K d of the NS3h-dT 10 complex as a function of NaCl concentration. As shown in Fig. 9 , the K d increases dramatically with increasing salt concentration; e.g. at 20 mM Na ϩ the K d of dT 10 is close to 7 nM, but at 170 mM Na ϩ the K d Energetics of DNA Binding to HCV Helicasebecomes 70-fold weaker. The logarithm plot of K d values as a function of NaCl concentration is shown in Fig. 9 . The slope of the straight line fit into the data points is 1.9 Ϯ 0.2, suggesting that two Na ϩ ions are displaced from the ssDNA upon binding to NS3h protein (35) .
The weak binding of NS3h to single-stranded nucleic acid in the presence of salt is a likely cause for the reduction of both ATPase and helicase activities at high salt concentration. Since the ATPase activity of NS3h is stimulated in the presence of nucleic acid, if the affinity for nucleic acid is weaker, a larger fraction of NS3h would remain unbound and hydrolyze ATP at the intrinsic rate. The helicase activity would be also affected, since the NS3h is more likely to fall off before it completes unwinding. If salt concentration indeed affects mainly the nucleic acid binding affinity, then we predict that the unwinding amplitude, but not the rate of the unwinding, will be diminished in a single turnover unwinding assay in the presence of salt.
Interactions of SF1 and SF2 Helicases with DNA-The minimal binding site of 8 nt for NS3h obtained from thermodynamic measurements reported here is consistent with the fact that NS3h protein was crystallized with an 8-nucleotidelong ssDNA substrate, although 3 nucleotides are disordered and thus invisible in the structure (16) . Our results indicate that shorter ssDNAs do not bind to NS3h tightly enough, and longer ones may have produced too much freedom for crystal packing.
In recent years, protein-DNA complex crystal structures have become available for Rep, HCV, and PcrA helicases (16, 36, 37) . In the NS3h-DNA crystal structure, the protein-DNA contacts are distributed throughout the length of the dU 8 substrate. Although crystal structures do not provide direct evidence for interatomic interactions, amino acids that are in close proximity are assumed to contribute to interactions. All of the basic amino acid residues of the NS3h DNA binding site are positioned within hydrogen or ion bonding distance from DNA phosphates. These residues make about half of all of the contacts with the DNA phosphate backbone. Interestingly, lysines and arginines are aligned with the DNA backbone, each making contacts with two phosphates, one through the amide N and the other through the charged group. About 60% of protein-DNA contacts occur through the phosphate moieties of the ssDNA, and about 20% of interactions occur through the DNA bases. This observation is consistent with DNA sequence independent binding of NS3h protein. Both Rep and PcrA helicases make about 40% of their contacts with ssDNA through the bases, and more than half of basic residues in their DNA binding sites bond with DNA bases.
It is not known what structural features of helicases are responsible for discriminating between DNA and RNA substrates for binding and unwinding. HCV helicase can unwind both DNA and RNA substrates. Recently, it was shown that HCV helicase is more processive on DNA substrates (38) . We have measured NS3h-RNA binding by fluorimetric titration similar to NS3h-DNA binding. These results show that NS3h binds rU 15 RNA about 10 times weaker than the DNA of the same length (Table I) . We propose that weaker affinity for RNA may be responsible for the reduced processivity. However, a detailed study is required to determine the RNA binding properties of HCV helicase.
The DNA binding properties of HCV helicase and other helicases from SF1 and SF2 that have been biochemically characterized are compared in Table II PcrA helicase belongs to SF1 and it is well characterized structurally, but the exact K d for the ssDNA has not been reported. The ssDNA concentration at which PcrA helicase shows a half-maximal ATPase rate is 200 nM (40) , which can be used as an upper limit for DNA K d . The minimal DNA binding site has not been measured for PcrA, and it is also difficult to estimate the minimal DNA binding site from crystal structure data, since single-stranded/double-stranded DNA substrate was used and some nucleotides are not resolved. Rep and UvrD helicases are homologous to PcrA. Rep helicase crystal structure (36) shows two Rep molecules bound side-by-side on a 16-mer DNA with little proteinprotein interaction, suggesting that the minimal binding site is about 8 nt. The minimal binding site of UvrD helicase appears to be close to 10 nt (41) . Rep is predominantly monomeric in the free form, and it binds ssDNA of 16 nt with a K d of about 220 nM, which leads to a tight dimerization with a K d of 7.7 nM (42). The reported DNA K d values of UvrD helicase vary from 165 nM obtained by membrane binding assay (43) to 276 nM by fluorimetric titration (44) , and the half-maximal amplitudes of single turnover helicase reactions indicated a tighter K d of 4.9 nM (43). Interestingly, a 25-fold tighter K d was measured in the presence of a nonhydrolyzable ATP analog than in the absence (44) . PriA helicase has been characterized by fluorimetric titrations to obtain DNA K d , the minimal binding site, and the occluded site (45) . PriA helicase has the weakest DNA binding affinity of all of the helicases we compare here. PriA has a minimal binding site of 8 nt, similar to NS3h, but its occluded site is about 20 nt.
We can conclude that helicases from SF1 and SF2 are likely to have similar DNA binding sites that can accommodate about eight ssDNA nt. At the same time, ssDNA K d values vary among these helicases by ϳ5000-fold, with HCV helicase having one of the tightest K d values reported. Note that the helicase activity involves translocation along the nucleic acid lattice, which in turn requires partial release of the helicase from the lattice. Any catalytic unwinding mechanism must involve a reversal of the DNA binding, since the helicase has to move forward. The ATPase activity is very likely involved in allosteric regulation of nucleic acid binding strength, and studies are in progress to investigate how ATPase modulates the interactions of HCV helicase with DNA and the mechanism by which NS3h moves on ssDNA.
